The Ran binding protein RanBP1 is localized to the cytosol of interphase cells. A leucine-rich nuclear export signal (NES) near the C terminus of RanBP1 is essential to maintain this distribution. We now show that RanBP1 accumulates in nuclei of cells treated with the export inhibitor, leptomycin B, and collapse of the nucleocytoplasmic Ran:GTP gradient leads to equilibration of RanBP1 across the nuclear envelope. Low temperature prevents nuclear accumulation of RanBP1, suggesting that import does not occur via simple diffusion. Glutathione S-transferase (GST)-RanBP1(1-161), which lacks the NES, accumulates in the nucleus after cytoplasmic microinjection. In permeabilized cells, nuclear accumulation of GST-RanBP1(1-161) requires nuclear Ran:GTP but is not inhibited by a dominant interfering G19V mutant of Ran. Nuclear accumulation is enhanced by addition of exogenous karyopherins/importins or RCC1, both of which also enhance nuclear Ran accumulation. Import correlates with Ran concentration. Remarkably, an E37K mutant of RanBP1 does not import into the nuclei under any conditions tested despite the fact that it can form a ternary complex with Ran and importin ␤. These data indicate that RanBP1 translocates through the pores by an active, nonclassical mechanism and requires Ran:GTP for nuclear accumulation. Shuttling of RanBP1 may function to clear nuclear pores of Ran:GTP, to prevent premature release of import cargo from transport receptors.
The defining feature of eukaryotic cells is the compartmentalization of DNA replication and transcription within the nucleus. Access to the nuclear compartment is provided by pores that are plugged through the double membrane of the nuclear envelope (for reviews, see references 15 and 66) . A multitude of soluble transport receptors and accessory proteins controls the transit of protein and nucleic acid cargo through these pores (for recent reviews, see references 24, 40, 42, and 64) . The vectoriality of cargo transport is in many cases dependent on the asymmetric distribution of Ran, a small GTP binding protein, and of its regulatory factors (8, 17) . Ran is predominantly nuclear and is believed to be maintained in the GTPbound state (Ran:GTP) by a guanine nucleotide exchange factor, RCC1, which is associated with chromatin in the nucleus (7, 58) . A Ran-specific GTPase-activating protein, Ran-GAP, which converts Ran to the GDP-bound state, is excluded from the nucleus (5, 13, 30) . This asymmetric arrangement of regulatory factors ensures that a steep Ran:GTP gradient exists across the nuclear pores, and the collapse of this gradient inhibits many forms of nuclear traffic (32, 52) .
Proteins destined for import into the nucleus frequently possess a nuclear localization signal (NLS) containing multiple basic amino acid residues (16) . The NLS is recognized by an adapter protein called importin ␣ (also variously called karyopherin-␣, p56, SRP1, PTAC58, and pendulin) which associates with a transporter module, importin ␤ (also called karyopherin-␤ and p97) (11, 25, 31, 36, 48, 61) . This complex can bind to nuclear pores and translocate from one side of the pore to the other, probably by a type of facilitated diffusion (18, 50) . Ran:GTP, present within the nucleus, dissociates the complex from the pores and releases importin ␣ and its associated cargo from importin ␤ (26, 49) . Thus, it may be that the Ran gradient is not required for translocation per se but can drive a net accumulation of the cargo in the nuclear compartment.
The importin ␤ is then believed to return to the cytosol as a complex with Ran:GTP (26, 28) . There, the RanGAP must hydrolyze the GTP to permit release of the importin ␤ for another round of import. However, RanGAP alone is unable to act on Ran:GTP that is bound to importin ␤ (19, 26) . Another cytosolic factor, the Ran binding protein RanBP1, is required together with importin ␣ to permit efficient GTP hydrolysis by RanGAP (4, 20) . The giant nucleoporin Nup358 can probably serve a similar function (65, 67) . RanBP1 is a 23-kDa cytosolic protein that possesses a conserved Ran binding domain (RanBD) of about 135 amino acid residues, which specifically recognizes Ran in the GTP-bound state (3, 14) . The crystal structure of Ran in a complex with the second RanBD of Nup358 has been solved, and the two proteins form an unusually tight embrace in which the N terminus of the RanBD is wrapped around Ran, and the C terminus of Ran is wrapped around the RanBD (62) . Ran:GTP can form a ternary complex with RanBP1 and importin ␤ or with other members of the karyopherin family, and this complex is only weakly susceptible to RanGAP (4, 38) . The presence of importin ␣, which will sequester free importin ␤, increases the efficiency of the hydrolysis (4, 20) . RanBP1 is therefore predicted to be required for continued nuclear protein import, and this has been shown to be the case in yeast (57) . RanBP1 and importin ␤ have no measurable affinity for each other or-separatelyfor Ran:GDP, but surprisingly they can form a stable ternary complex with one another (12) . The purpose of this RanBP1-importin ␤-Ran:GDP complex remains obscure.
Proteins that need to be exported from the nucleus often possess a distinct, leucine-rich nuclear export signal (NES) (for a review, see reference 23). The NES can form a ternary complex with an export receptor, called Crm1 (or exportin 1), and Ran:GTP (2, 21, 22, 44, 60) . The formation of this complex will therefore be favored in the nucleus. After translocation through the pores, RanGAP-again with the likely assistance of RanBP1-can hydrolyze the Ran:GTP and release the NES cargo into the cytosol. Therefore, RanBP1 probably plays an essential role in nuclear protein export. A similar mechanism can account for the export of importin ␣ by the transport factor Cas (37) .
A complete understanding of nuclear protein transport requires that we determine the mechanism by which essential factors such as RanBP1 maintain their specific locations within the cell. The role of RanBP1 as an accessory factor for Ran-GAP implies that RanBP1 must be retained in the cytosol. Indeed, ectopic expression of nuclear RanBP1 is toxic to cells, and microinjection of RanBP1 into nuclei inhibits nuclear transport, probably because it sequesters nuclear Ran:GTP and effectively collapses the nucleocytoplasmic Ran:GTP gradient (32, 53) . It may also interfere with the formation of export complexes. This requirement for a cytoplasmic location presents a problem to the cell, because RanBP1 is in principle small enough to diffuse through the nuclear pores, and within the nucleus it will form a stable ternary complex with Ran:GTP and importin ␤. Two distinct mechanisms may confer the cytoplasmic distribution of small proteins: (i) retention by binding to a larger cytoplasmic protein and (ii) active export. RanBP1 possesses a functional NES near its C terminus (54, 68) . However, it also possesses an adjacent upstream sequence that may act in cytoplasmic retention (54) . Three other groups have provided indications that RanBP1 may shuttle between the cytosol and nucleus. Zolotukhin and Felber (68) found that the ectopic expression of the Rev protein (which contains an NES) can lead to the nuclear accumulation of RanBP1, presumably by competing for Crm1. Schlenstedt et al. (56) , in a study of the Yrb4p importin in yeast, demonstrated that a dominant interfering mutant of Yrb4p that blocks bidirectional nuclear transport also caused the nuclear accumulation of Yrb1p, the yeast homologue of RanBP1. However, in both cases the inhibitory protein was expressed for a period greater than the cell cycle time. Thus, these results do not resolve whether RanBP1 continually shuttles across the nuclear pores or instead enters the nucleus only at a specific time during cell division. For example, in mammalian cells an NES might be required to ensure that RanBP1 is excluded from the nucleus after mitosis when the integrity of the nuclear envelope is reestablished. A third study examined the distribution of RanBP1 in Xenopus oocytes after microinjection of an NES-peptide conjugate, which inhibits mRNA and snRNA transport (46) . Oocytes were fractionated after 6.5 h, and the nuclear and cytosolic fractions were immunoblotted for RanBP1. These results demonstrated that RanBP1 became partially associated with the nuclei-either at the pores or within the nucleoplasm-in the presence of the competing NES-peptide. In all of these studies, however, it could be argued that the RanBP1 enters the nucleus only in response to a general perturbation in nuclear transport.
We now show that RanBP1 does continually shuttle quite rapidly between the nuclear and cytoplasmic compartments. Leptomycin B (LMB), which specifically inhibits NES-mediated export (63) , causes a nuclear accumulation of endogenous RanBP1 and of a green fluorescent protein (GFP)-RanBP1 fusion protein. Microinjected GST-RanBP1 lacking its C-terminal NES accumulates in the nucleus in the absence of any transport inhibitors. Collapse of the Ran:GTP gradient results in the equilibration of RanBP1 across the nuclear envelope. The nuclear accumulation of a GST-RanBP1 mutant that lacks the NES requires nuclear Ran:GTP. A point mutation in the N-terminal arm of the RanBD of RanBP1 completely blocks import into nuclei under the conditions tested. Although this mutant has a reduced affinity for Ran, it can form a ternary complex with Ran:GTP and importin ␤ or importin 5 (47) . We propose that the RanBP1 can translocate through the nuclear pores by an active mechanism and, in the absence of functional export, accumulate within the nuclei in a complex with Ran: GTP.
MATERIALS AND METHODS
Proteins. Recombinant proteins used in in vitro import assays and microinjection assays were overexpressed in Escherichia coli as glutathione S-transferase (GST) fusions and affinity purified using glutathione (GSH)-Sepharose (Pharmacia catalog no. 17-0756-01). The proteins were either eluted off the Sepharose with GSH or proteolytically cleaved away from the GST using thrombin, as described previously (38, 39) . RanBP1 mutants were isolated from mutant libraries generated either by template-limited PCR or by incorporation of doped oligonucleotides (47) . Crm1 was partially purified as described by Holaska and Paschal (29) . Recombinant Ran was converted to the GTP-bound state (Ran: GTP) by incubation with 1 mM GTP in the presence of recombinant RCC1 (2.4 g/ml) and 5 mM MgCl 2 (10 min at 30°C) or by incubation with 1 mM GTP in 25 mM morpholinepropanesulfonic acid (MOPS; pH 7.1)-1 mM EDTA for 30 min on ice before the addition of 1 mM MgCl 2 . Proteins were exchanged into import assay buffer or microinjection buffer, as needed, by size exclusion chromatography using Pharmacia PD10 columns.
Plasmids. Various recombinant DNAs were used in transfections and transformations, some of which have been described previously (10, 41, 53) . The following constructs were made specifically for this study. Vectors encoding a fusion of GFP to the N termini of various RanBP1 mutants (E37K, G71C/K76E, R91S/K97T, and R92K/D93Y) were constructed by digesting the appropriate pGEX-RanBP1 plasmids with BamHI and EcoRI and ligating the insert into the same restriction sites of the pKGFP vector (10) . pKGFP-GFP-RanBP1 was constructed by inserting a BamHI/EcoRI fragment encoding GFP-RanBP1 into pKGFP. A pGEX-importin-␤(45-462) vector was constructed by amplification of the required fragment of importin ␤ by the PCR, using 5Ј and 3Ј primers possessing BamHI and SacI sites, respectively. The insert was moved into pGEX-KG to produce a plasmid that encodes GST-importin ␤(45-462).
Microinjections. . Cells were then incubated at 37°C for 10 to 30 min, fixed, permeabilized, and subjected to immunofluorescence as described.
Transfections. Plasmid DNAs were transfected into BHK-21 cells by the calcium phosphate method. Cells were grown at 37°C in Dulbecco modified Eagle medium containing 10% heat-inactivated calf serum and penicillin-streptomycin; 24 h posttransfection, the medium was replaced with fresh medium and incubated at 37°C for another 24 to 48 h. Transfected cells were either untreated, placed on ice, or incubated in the presence of 200 nM LMB. After the appropriate treatments, the cells were fixed and permeabilized with 4% paraformaldehyde in phosphate-buffered saline (PBS; 137 mM NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 [pH 7.4]) and ice-cold methanol as described previously (10) . Fixed cells were then prepared for viewing by fluorescence microscopy.
In vitro import assays. Assays using permeabilized cells were performed following established protocols (1), with some modification. BHK-21 cells were plated onto glass coverslips coated with poly-L-lysine. At 20 to 24 h after plating, cells were permeabilized with 0.008% digitonin in assay buffer (AB; 20 mM HEPES-KOH [pH 7.6], potassium acetate, 80 mM 4 mM magnesium acetate, 250 mM sucrose, 1 mM dithiothreitol) for 5 min on ice. After permeabilization, cells were overlaid with an energy-regenerating system (10 mM creatine phosphate, 50 mg of creatine kinase/ml, 500 M ATP, 500 M GTP) and rabbit reticulocyte lysate (Promega catalog no. L4151) or HeLa cell lysate and/or purified recombinant factors, incubated at room temperature for 5 to 30 min, washed with AB, fixed with 4% paraformaldehyde in PBS at room temperature for 15 min, permeabilized with Ϫ20°C methanol for 2 min, and prepared for fluorescence microscopy as described below.
Fluorescence microscopy. After fixation and permeabilization, cells which contained GFP fusions were incubated with 10 ng of 4Ј,6-diamidino-2-phenylindole (DAPI)/ml in 3% BSA in PBS for 30 min, mounted onto slides with Gel/Mount (Biomeda catalog M01), and viewed with a 60ϫ water immersion lens on a Nikon Diaphot 300 microscope. Images were captured with a Hamamatsu charge-coupled device camera and Openlab software. All other cells were blocked in 3% BSA-PBS; incubated with a 1:500 dilution of anti-GST monoclonal antibody (MAb; Santa Cruz catalog SC138), a 1:200 dilution of anti-Ran or 1:200 dilution of anti-RanBP1 polyclonal antibody (Santa Cruz catalog SC1159) as primary antibody, and Texas red-conjugated anti-mouse immunoglobulin G (IgG), Texas red-conjugated anti-goat IgG, or FITC-conjugated anti-rabbit IgG (all from Jackson ImmunoResearch Laboratories, diluted 1:500), with DAPI (10 ng/ml); and mounted and viewed as described above.
Affinity binding assays and immunoblots.
Recombinant GST-importin ␤ (165 pmol) was bound to GSH-Sepharose beads (55 l) and incubated with RanBP1 (150 pmol) and Ran:GTP (150 pmol) for 90 min at 4°C, to form a ternary complex. After being washed with AB, the beads were divided into four aliquots and incubated with 50 pmol of Crm1 and/or 50 pmol of Ran:GTP in a 12-l volume for 1 h on ice. The supernatants and beads were separated by brief centrifugation. The beads were washed once in AB. Proteins were denatured by boiling with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer and separated by electrophoresis on SDS-12% gels. After transfer to nitrocellulose, the proteins were detected by immunoblotting with anti-Crm1 (1:1,000), anti-RanBP1 (1:200), or anti-Ran (1:2,500) antibody and with horseradish peroxidase-coupled secondary antibodies. Detection was by enhanced chemiluminescence.
Recombinant GST-RanBP1 wild type or mutants (20 pmol) were bound to GSH-Sepharose (40 l) and incubated with 20 pmol each of Ran:GTP and importin ␤ at 4°C for 90 min at 1,400 rpm. Beads were then washed twice with Ran binding buffer (20 mM MOPS [pH 7.1], 100 mM potassium acetate, 5 mM magnesium acetate, 5 mM dithiothreitol, 0.5% BSA, 0.05% Tween 20). Beadbound proteins were treated as above, immunoblotted with anti-Ran (1:2,500) and anti-importin ␤ (1:2,000) or anti-GST (1:4,000) with HRP-horseradish peroxidase-conjugated anti-mouse IgG, and detected by enhanced chemiluminescence. Nucleoporins were immunoblotted with MAb 414 (BAbCo, Richmond, Calif.), and importin ␤ was detected using an antibody from Transduction Laboratories.
RESULTS
Inhibition of nuclear export results in the nuclear accumulation of RanBP1 and GFP-RanBP1. LMB can bind to the karyopherin family member, Crm1, and specifically inhibit export from the nucleus of proteins that contain leucine-rich NES sequences (21, 22, 34, 44) . RanBP1 contains such an NES near its C terminus (53, 68) . If RanBP1 shuttles constitutively between the nuclear and cytoplasmic compartments, LMB should inhibit its export but not its import and cause nuclear accumulation of the protein. However, if during interphase RanBP1 were retained in the cytosol by association with a constitutively cytosolic protein, LMB would have no effect on the subcellular location of RanBP1.
We tested these alternate hypotheses in two ways. First, BHK cells were incubated for 30 min with or without 200 nM LMB and then fixed and stained for endogenous RanBP1. The RanBP1 in control cells was localized exclusively to the cytosol. LMB treatment led to a substantial redistribution into the nuclei (Fig. 1a) . As a second approach, BHK cells were transiently transfected with a vector encoding GFP-RanBP1. Treatment with LMB led to a significant redistribution of the GFP fluorescent signal from the cytosol to the nucleus (Fig.  1b) . Importantly, this effect was not a nonspecific result of LMB treatment, which under similar conditions (60-min preincubation) did not inhibit import of a microinjected NLS cargo, GST-GFP-NLS (data not shown). Thus, inhibition of Crm1-mediated nuclear protein export results in the accumulation of RanBP1 within the nucleus. Moreover, the size of the GFP-RanBP1 fusion protein (approximately 50 kDa) is large enough that its nuclear import is unlikely to occur by simple diffusion within the time frame of the experiment. To confirm that import is not diffusive, we constructed a GFP-GFPRanBP1 fusion protein (approximately 75 kDa), which also redistributed into the nuclei of cells treated as above with LMB (Fig. 1c) .
Low temperatures inhibit RanBP1 nuclear import. The estimated upper bound for the passive diffusion of proteins through the nuclear pores has been estimated to be about 50 kDa. Therefore, RanBP1 at 23 kDa is in principle small enough to diffuse into the nucleus. However, other proteins of similar size, such as ribosomal proteins, histones, and Ran, have been found to be transported as complexes with other factors (9, 33, 51, 59 ). Passive diffusion rates vary linearly with the absolute temperature and so are relatively insensitive to the effect of cooling on ice. Therefore, we tested whether chilling would abrogate the nuclear accumulation of RanBP1 in the absence or presence of LMB. BHK-21 cells were cooled on ice for 30 min and then incubated with or without 200 nM LMB for a further 30 min on ice. LMB did not cause nuclear accumulation of endogenous RanBP1 (Fig. 2b) or of GFPRanBP1 (Fig. 2d ) under these conditions, suggesting that RanBP1 import does not occur by a process of passive diffusion through the nuclear pores. In interpreting these data, it should be appreciated that chilling the cells will reduce the rates of both Ran:GTP formation and consumption. Therefore, inhibition of RanBP1 import by cooling is unlikely to result from reduced levels of nuclear Ran:GTP. In this context, it is also important to note that chilling to 4°C completely inhibits export of a microinjected GST-GFP-NES cargo (data not shown) so that even in the absence of LMB, RanBP1 that entered the nuclei by simple diffusion would not be reexported.
Collapse of the Ran gradient causes equilibration of RanBP1 across the nuclear envelope. The nucleocytoplasmic Ran:GTP gradient is essential for many types of traffic through the nuclear pores, including protein import and export. Collapse of the Ran gradient might therefore be predicted to curtail RanBP1 export and permit its accumulation in the nucleus. However, if Ran:GTP were required for import, the loss of nuclear Ran:GTP could conceivably prevent such accumulation. To distinguish between these possibilities, we collapsed the Ran:GTP gradient by microinjecting nuclei of BHK cells with recombinant RanGAP. At high concentrations, the GAP can destroy Ran:GTP faster than it is produced by RCC1 and thus inhibit nuclear protein export (32) . As shown in Fig.  3b , this treatment also resulted in the equilibration of RanBP1 across the nuclear envelope. Recombinant Ran, injected as a negative control, had no effect on RanBP1 localization (Fig.  3a) and demonstrated that the nuclear fluorescence in cells injected with RanGAP is not a result of bleed-through into the red channel of emission from the FITC-dextran marker. Together with the previous results, these data confirm that RanBP1 can shuttle between the cytoplasmic and nuclear compartments and that the import of RanBP1 is Ran independent while export is Ran dependent.
Microinjected GST-RanBP1 lacking an NES can accumulate in the nucleus. The previous experiments to demonstrate nuclear import of RanBP1 depended on perturbations in normal cell function-either inhibition of the protein export pathway or collapse of the Ran gradient. One might argue, therefore, that RanBP1 does not usually enter the nucleus but is induced to do so only in response to a disruption in the normal nucleocytoplasmic traffic. To test this possibility, we microinjected into the cytosol of BHK-21 cells a GST-RanBP1(1-161) fusion protein that contains an intact RanBD but lacks the C-terminal NES (53) . Within 15 min, accumulation of this protein was visible within the nuclei of a significant fraction of the injected cells (Fig. 4) .
Therefore, the RanBP1 RanBD is capable of nuclear entry and accumulation even in cells in which nuclear transport has not been perturbed. Taken together with results of the other experiments described above, these data suggest that nuclear import of RanBP1 is an ongoing process in interphase cells and that the steady-state cytoplasmic distribution of RanBP1 requires active export.
Curiously, the rate of import of GST-RanBP1(1-161) was not uniform. Within a group of cells injected within several seconds of one another, there were often single cells that did not accumulate the fusion protein within their nuclei, at least within the short incubation times permitted (e.g., Fig. 4 , top panel). The reason for this heterogeneity of response is unclear at present.
Nuclear accumulation of RanBP1 requires energy and soluble factors. To determine the mechanism by which RanBP1 enters the nucleus, we used digitonin-permeabilized cells that were competent for nuclear protein transport. As a substrate we used GST-RanBP1(1-161). After incubation with the cells, the fusion protein was detected by immunofluorescence with anti-GST antibodies. GST-RanBP1(1-161), either alone or with an ATP/GTP-regenerating system, did not accumulate in the nuclei (Fig. 5A, panel a) . Similarly, the addition of reticulocyte lysate as a source of soluble factors did not, in the absence of energy, lead to accumulation of the RanBP1 construct (panel b). However, rapid accumulation did occur when both reticulocyte lysate and energy were provided (panel c). A similar result was obtained when full-length GST-RanBP1 was used in this assay, in the presence of LMB to inhibit export, although some nuclear accumulation of the GST-RanBP1 was detectable even in the absence of energy (data not shown).
These data indicate that the nuclear accumulation of RanBP1 is an active process. However, in vitro nuclear transport assays depend critically on the integrity of the nuclear envelope. If the envelope is damaged and the import substrate binds to insoluble nuclear components, then false positives can arise. To validate our import assay, we added GST-RanBP1 (1-161), plus energy and reticulocyte lysate, to cells that had been deliberately damaged by addition of 0.2% Triton X-100, which dissolves the nuclear envelope. As shown in Fig. 5B (panels a and b), this treatment did not result in the binding of the RanBP1 to insoluble nuclear components. Second, we tested whether the nuclei of the digitonin-permeabilized cells were accessible to antibodies by performing an import assay using GST-RanBP1(1-161) as described above except that after fixation, the membranes were not dissolved with methanol. Under these conditions, the anti-GST antibody could not gain access to the nuclei to stain the substrate (panel c), whereas staining was efficient when the cells were treated with methanol (panel a). These tests demonstrate that the digitonin-permeabilized cells used in the assay possess intact nuclear enve- lopes and that damage to the envelopes does not result in a false positive.
To determine which soluble factors are required for nuclear accumulation of the GST-RanBP1(1-161), the fusion protein was added to permeabilized cells together with various combinations of recombinant transport factors. As shown in Fig.  6A , the addition of Ran plus an energy source led to a small amount of nuclear accumulation (panel e), which was substantially increased by the addition of the transport receptor, importin ␤ (panel h). There are at least two possible interpretations of this result. First, RanBP1 may be imported like a more classical transport substrate, in a complex with importin ␤ and Ran:GDP (12) . Second, RanBP1 may translocate across the nuclear pores by itself, or with Ran, and accumulate in the nucleus as a ternary complex with Ran:GTP and importin ␤.
To begin to distinguish between these possibilities, we tested whether the Ran exchange factor, RCC1, could stimulate RanBP1 import in the absence of exogenous importin-␤ (Fig.  6A, panel i) . We chose RCC1 because it is rapidly accumulated within nuclei (M. E. Nemergut and I. G. Macara, submitted for publication), where it efficiently drives the formation of Ran: GTP. It does not bind RanBP1 directly, although RanBP1 can inhibit catalysis of nucleotide exchange by RCC1 (6) . Interestingly, the RCC1 did significantly elevate the nuclear accumulation of GST-RanBP1(1-161) (panel i). Neither importin ␤ nor RCC1 in the absence of Ran was able to mediate import to a significant level (panels f and g). Note that during preparation, the permeabilized cells are depleted of the majority of their endogenous importin ␤, compared to the level of nucleoporins detected by MAb 414 (Fig. 6B) , and the residual importin ␤ is insufficient to drive the nuclear accumulation of a classical NLS (data not shown). Therefore, nuclear accumulation of RanBP1 in vitro may require Ran:GTP, but the addition of a karyopherin such as importin ␤ is not essential (although importin-␤ can enhance accumulation).
Taken together, these results suggest that RanBP1 can enter the nucleus either as a complex with Ran or by a factorindependent mechanism and is then sequestered within the nucleus by binding Ran:GTP or by the formation of a ternary complex with Ran and importin ␤ (or other karyopherins).
RanBP1 accumulation in the nucleus requires Ran:GTP. To further distinguish between these possibilities, we tested whether import of GST-RanBP1(1-161) was inhibitable by dominant interfering mutants of Ran and importin ␤ or wheat germ agglutinin (WGA), each of which blocks classical, receptor-mediated transport through the nuclear pores. WGA and the dominant interfering mutant of importin ␤ both substantially reduced the extent of import (Fig. 7A panels h and j) , and consistent with previous results, the removal of energy by addition of apyrase also prevented accumulation of the GSTRanBP1(1-161), indicating that it is an active process (panel g). However, the addition of Ran(G19V) had no inhibitory effect, although it completely blocked import of the control substrate, GST-GFP-NLS (Fig. 7A, panel i; Fig. 7B ). This result suggests that RanBP1 does not enter the nucleus as a complex with Ran:GDP and importin ␤.
It is important to note that WGA and importin ␤(45-462) also block Ran import (51, 59) and do not, therefore, distinguish whether the observed inhibition is of RanBP1 translocation across the nuclear pores or of RanBP1 accumulation within the nucleus. It is also of note that although Ran normally enters the nucleus as a complex with GDP, the Ran(G19V) mutant, which is predominantly GTP bound, can accumulate both within the nucleoplasm and at the nuclear pores (39) .
Taken together, these data support the idea that Ran:GTP is required for nuclear accumulation of GST-RanBP1(1-161). To test this hypothesis further, we performed in vitro import assays using various concentrations of Ran at a fixed concentration of GST-RanBP1(1-161) and RCC1. After fixation, the cells were stained for both GST and Ran. We observed that the fluorescence intensity of the nuclear GST-RanBP1(1-161) correlated quite well with the nuclear Ran fluorescence (Fig. 8A) . We then quantitated the relative nuclear fluorescence levels of GST-RanBP1(1-161) in individual cells and plotted the mean values against the Ran concentration added to the cells (Fig.  8B) . The GST-RanBP1(1-161) levels show a strong linear correlation with the Ran concentration (linear correlation coefficient [r] ϭ 0.967). The most likely explanation of this result is that GST-RanBP1(1-161) enters the nucleus alone, by a process of facilitated diffusion, and that association with Ran:GTP within the nucleus prevents its export. Alternatively, the RanBP1 may enter as a complex with Ran:GTP, and become trapped within the nucleus by association with other factors.
A RanBP1 mutant is defective in nuclear import. To distinguish between these two hypotheses, we examined a number of RanBP1 variants that we had previously generated using a random mutagenesis approach (47) . We chose two mutants that each exhibit a substantially reduced affinity for Ran:GTP (Fig. 9A) . One mutant contains a single residue substitution, E37K, and the other is a double mutant, G71C/K76E. Both mutants possess the unusual property that they can form stable ternary complexes with Ran:GTP plus either importin 5 (47) or importin ␤ (Fig. 9B) .
The two mutants were expressed ectopically as GFP fusions in BHK-21 cells, and their ability to enter the nucleus was tested by the addition of LMB, to block export. In the absence of LMB, both mutants localized exclusively to the cytosol (Fig.   FIG. 5 . Nuclear accumulation of GST-RanBP1(1-161) requires addition of energy and soluble factors. (A) BHK-21 cells were permeabilized with 0.008% digitonin and overlaid with 3 M GST-RanBP1(1-161) and either an ATP/GTP-regenerating system (a), reticulocyte lysate (Retic; b), or reticulocyte lysate and ATP/GTPregenerating system (c). The cells were incubated at room temperature for 30 min and then fixed and stained for GST. Nuclei were stained with DAPI (right). (B) Import of GST-RanBP1(1-161) is not an artifact of damaged nuclear envelopes. Import was performed as for panel A, using either digitonin-permeabilized (a and c) or Triton X-100-extracted (b) cells. Following fixation, the cells were either incubated directly with anti-GST antibody (c) or first incubated with methanol (Ϫ20°C) to dissolve the nuclear membrane (a and b).
9C, panels b and c)
. Surprisingly, however, they behaved differently in the presence of LMB. The G71C/K76E mutant accumulated within the nucleus to a degree similar to that of the wild-type protein, but the E37K mutant remained excluded from the nucleus (panels e and f). Importantly, at 4°C in the presence of LMB, the GFP-RanBP1(E37K) did not equilibrate across the nuclear envelope, as would be expected if accumulation, rather than transport, were defective (Fig. 9D, panel b) . Additionally, a GST-RanBP1(1-161,E37K) recombinant protein was excluded from the nucleus when microinjected into the cytoplasm of BHK-21 cells (Fig. 9E) , unlike the control GST-RanBP1(1-161) protein (Fig. 4) . Four other mutants of RanBP1 that were tested all behaved like the G71E/K76E mutant and wild-type RanBP1, accumulating in the nuclei of LMB-treated cells (data not shown).
These results suggest that the translocation of RanBP1 into the nucleus most likely occurs in the absence of association with Ran:GTP and confirm that import occurs by a specific, facilitated pathway rather than by simple diffusion. The E37K mutation lies in the N-terminal arm of the RanBD, which embraces Ran:GTP, while the other mutations are located in different regions of the binding domain. Thus, these results implicate the N-terminal arm of the RanBD in the nuclear transport mechanism of RanBP1.
Crm1 dissociates RanBP1 from a RanBP1-Ran:GTP-importin ␤ ternary complex. If RanBP1 can accumulate in the nucleus as a ternary complex with Ran:GTP and importin ␤, how is it efficiently exported back to the cytosol? One possibility is that Crm1 exports the entire complex; another is that Crm1 displaces importin ␤ from the complex and exports only the RanBP1. To distinguish between these different mechanisms, recombinant GST-importin ␤ was attached to GSH-Sepharose beads and mixed with Ran:GTP and RanBP1 to form a tethered ternary complex on the beads. After washing to remove free Ran and RanBP1, the beads were incubated either with buffer or with purified Crm1 (29) . The beads and eluate were then analyzed by immunoblotting for Ran, RanBP1, and Crm1. As shown in Fig. 10 , incubation with Crm1 led to release into the eluate of a substantial fraction of the RanBP1 and of the Ran from the GST-importin ␤. No Crm1 was found to be associated with the complex on the Sepharose beads. Therefore, we conclude that Crm1 promotes the dissociation of Ran and RanBP1 from importin ␤, or sequesters free Ran and RanBP1, which drives dissociation from the importin ␤ by mass action. In either case, the Crm1 appears unable to form a complex with Ran and RanBP1 that includes importin ␤.
DISCUSSION
One of the hallmarks of the nuclear transport machinery is the asymmetric distribution of its soluble components. The Ran:GTP gradient across the nuclear pores is critical to many forms of protein and nucleic acid transport, and the dissociation of transport complexes in the cytosol requires both Ran-GAP and RanBP1. It is therefore essential to understand how the asymmetric distribution of transport factors is initiated and maintained. Ran:GDP import has been demonstrated to be mediated by NTF2 (51, 59) . Importin ␤ and transportin appear able to cross the nuclear pores in the absence of other factors (35, 43) . Importin ␣ is recycled back to the cytosol by CAS (37) . We now present evidence that RanBP1 import also occurs via a specific, facilitated mechanism. RanBP1 functions as a coactivator of RanGAP and thereby mediates the dissociation of complexes between Ran:GTP and transport receptors of the importin ␤ superfamily. This function requires that RanBP1 be localized to the cytosol. However, RanBP1 is small enough, in principle at least, to be able to enter the nucleus by passive diffusion (although the protein behaves in solution as a dimer [6] ). Because RanBP1 binds with nanomolar affinity to Ran:GTP, which is concentrated within the nucleus, and can form a ternary complex with importin ␤, which is also predominantly nuclear, a mechanism must exist either to sequester the RanBP1 in the cytosol or to actively export it from the nucleus. RanBP1 does contain a leucine-rich NES near its C terminus but also contains adjacent sequences that may function in cytosolic retention (53) .
We now show that RanBP1 shuttles constitutively between the cytosolic and nuclear compartments and that its cytosolic distribution is actively maintained by nuclear export. It is likely that this process is conserved through evolution, because Yrb1p, the yeast homologue of RanBP1, though lacking a C-terminal NES, has been shown to accumulate in the nucleus under conditions in which export is likely inhibited (27, 56) . GST-RanBP1 lacking an NES accumulates in the nuclei both of intact cells when the protein is microinjected into the cytosol and of permeabilized cells in a Ran-and importin ␤-dependent fashion that requires energy.
Based on the observations that accumulation of RanBP1 in nuclei of intact cells was blocked by cooling the cells on ice, and that both GFP-GFP-RanBP1 (ϳ75 kDa) and GSTRanBP1(1-161) (ϳ50-kDa monomer; ϳ100-kDa dimer) were capable of nuclear import, we consider it highly unlikely that RanBP1 transits the pores by simple diffusion. In vitro assays demonstrated that nuclear accumulation of GST-RanBP1(1-161) is active. Accumulation required energy and Ran. However, it is important to distinguish the mechanism of translocation through the pores from that of the net accumulation of a substrate within the nucleoplasm. These are entirely separate processes. Most import assays do not distinguish between them, however. A protein that can transit the pores by facilitated diffusion may accumulate against a concentration gradient if it binds to a nuclear protein or is covalently modified-for instance, by phosphorylation-within the nucleus in a manner that prevents reexport. If the nuclear protein partner is imported via a classical pathway, then in vitro assays will display a dependence on energy and soluble factors even though these are not required for the translocation of the substrate itself. In the present case, the in vitro assays showed a strong dependence on Ran:GTP. This factor could be supplied either as a constitutively GTP-bound mutant [Ran (G19V)] or by addition of wild-type Ran plus RCC1. Factors that enhance nuclear accumulation of Ran, such as importin ␤, also enhanced RanBP1 accumulation. Factors that inhibit Ran accumulation, such as WGA or a dominant interfering mutant of importin ␤, also inhibited RanBP1 accumulation. Therefore, these assays could not distinguish whether the GST-RanBP1 (1-161) transits the nuclear pores alone and becomes trapped within the nucleoplasm by binding to Ran:GTP or, alternatively, transits the pores in a complex with Ran:GTP.
We were able to distinguish between these two hypotheses, however, by the use of point mutants of RanBP1. We chose two mutants with impaired affinity for Ran:GTP, E37K and G71C/K76E (47) . Importantly, both of these proteins, which contain altered residues within the RanBD, retain the ability to form stable ternary complexes with karyopherins such as importin ␤ plus Ran:GTP. Thus, if capable of entering the nucleus, they could in principle become trapped in such a ternary complex and accumulate within the nucleoplasm. When ex- pressed in cells as a GFP fusion protein, the G71C/K76E mutant accumulated within nuclei upon addition of LMB to block export. This result is consistent with a model in which RanBP1 transits the nuclear pores alone, not as a complex with Ran:GTP. Several other mutants with altered residues within the RanBD were also capable of nuclear import in the presence of LMB (data not shown). Additionally, Zolotukhin and Felber found that a mutant RanBP1 which is defective in Ran binding and lacks an NES could still accumulate in the nucleus of transfected cells (68) . The ability of this mutant to form ternary complexes with Ran:GTP and importin ␤ was not tested, however, and so the mechanism of nuclear accumulation remains to be determined in this case.
Interestingly, we discovered one mutant, E37K, that was incapable of nuclear import under the conditions of the assay and did not even equilibrate across the nuclear envelope when the cells were held at 4°C. This result confirms that RanBP1 cannot enter the nucleus by passive diffusion but must use a facilitated mechanism. The E37K mutation lies in the N-terminal arm of the RanBD, and the side chain faces outward into the solvent (62) . Therefore, the unique transport defect of RanBP1(E37K) suggests that the N-terminal arm of the protein may be involved in nuclear import, perhaps by binding to nuclear pore components. In an independent study, a different group has identified another mutation within the RanBP1 of budding yeast (Yrb1p) that is unable to accumulate in nuclei when export is inhibited (Ed Hurt, personal communication). Their data support our conclusion that RanBP1 import does not occur by simple diffusion and that its nuclear accumulation is energy dependent.
Within the nucleoplasm, RanBP1 probably forms a ternary complex with Ran:GTP and karyopherins such as importin ␤ or other binding proteins. We therefore asked how the RanBP1 could be efficiently exported. We found that Crm1 cannot bind with measurable affinity to the RanBP1-Ran-importin ␤ ternary complex, but it facilitates the dissociation of RanBP1 and Ran from the complex. This mechanism may be required to prevent the RanBP1 from being sequestered within the nucleus.
Based on the data described above, we propose that RanBP1 is continually cycling between the cytosol and nucleus in interphase cells and that import occurs via a specific, nondiffusive pathway that does not require soluble factors such as the karyopherins and that involves the N-terminal arm of the RanBD. Accumulation within the nucleus against a concentration gradient can occur if the NES of RanBP1 is deleted or if export is inactivated. Accumulation is driven by binding to nuclear Ran: GTP, and most likely by the formation of ternary complexes with Ran:GTP and karyopherins. Endogenous RanBP1, however, binds to the exportin, Crm1, which prevents association with other karyopherins. Rapid export of the RanBP1 by Crm1 terminates the transport cycle.
The purpose of RanBP1 shuttling remains to be further investigated. However, we speculate that RanBP1 import may help clear the nuclear pores of Ran:GTP. Ran is sufficiently small that in principle it could diffuse through the pores (55, 62) . Indeed, NTF2 (the nuclear import receptor for Ran:GDP) is not required for survival of yeast if the expression of Ran is elevated, and the requirement for NTF2 in nuclear import assays performed on permeabilized cells can be eliminated by the inclusion of a high Ran concentration in the assay buffer (45) . Ran:GTP possesses an average molecular size that is very similar to that of Ran:GDP. Therefore Ran:GTP is expected to slowly diffuse out through the nuclear pores at about the same rate that it can diffuse in. Incoming nuclear transport complexes will be dissociated by interaction with any molecule of Ran:GTP that is encountered within the pore, and such a premature dissociation would most likely cause termination of the translocation process. By sweeping the pores free of Ran: GTP, RanBP1 may reduce the likelihood that this process occurs. 
